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Film resistivityAmorphous silicon oxycarbonitride (SiCxNyOz) ﬁlms have been deposited on Si substrates by low tempera-
ture reactive magnetron co-sputtering of silicon and graphite targets in mixed Ar/N2 atmosphere. Our studies
are focused on the inﬂuence of nitrogen incorporation on deposition rate, ﬁlm composition, ﬁlm structure,
chemical bonds, and electrical resistivity of SiCxNyOz ﬁlms investigated by proﬁlometry, Rutherford Backscat-
tering Spectrometry (RBS), X-ray diffraction (XRD), Raman spectroscopy, X-ray Photoelectron Spectroscopy
(XPS), and four-point probe method. RBS results show that all samples contain signiﬁcant amounts of oxygen
(up to 16 at.%) which led to the formation of SiCxNyOz. Further, XPS results show that most of this oxygen is
located in the ﬁlm surface. With the addition of N2 gas in the plasma, the carbon, and nitrogen contents in the
ﬁlms increase. The increased carbon content is due to the contribution of chemically driven sputtering of the
graphite target and the reduction of the sputtering rate of the silicon target owing to poisoning by nitrogen.
Raman spectra suggest that the ﬁlms contain amorphous phases and that the a-C clusters suffer a graphitiza-
tion with increased N2 gas ﬂow rate. The XRD analysis conﬁrmed the amorphous structure of these ﬁlms.
According to the XPS analysis, the increase in nitrogen content leads to an increase in Si\N and C\N
bonds, decreasing the Si\C, Si\Si, and C\C bonds. Finally, the ﬁlms electrical resistivity depends mainly
on the nitrogen content, which makes it possible to obtain semiconductor or insulator SiCxNyOz ﬁlms only
by adjusting the N2 concentration in the gas phase during the deposition process.Aeronáutica, Departamento de
Acácias, São José dos Campos/
edeiros).
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Silicon carbide (SiC) thin ﬁlms have received widespread interest
due to their useful properties such as chemical resistance, high thermal
stability, andmechanical hardness [1]. In recent years, the characteriza-
tion and application of amorphous SiC (a-SiC) have been the subject of
investigations. Currently, theseﬁlms are being used in different applica-
tions such as thin ﬁlm transistors [2], solar cells [3], p-i-n diodes [4],
anti-reﬂection coatings [5], and protective coatings against corrosion
[6].
The majority of the investigations have concentrated on a-SiC
ﬁlms produced by plasma enhanced chemical vapor deposition
(PECVD). However, PECVD a-SiC ﬁlms exhibit several characteristics
unsuited for some applications. In general, the PECVD a-SiC ﬁlms
are hydrogenated due to the presence of hydrogen in precursorgases such as SiH4 and CH4. It is known that the structural, electrical,
and optical properties of amorphous hydrogenated SiC (a-SiC:H)
ﬁlms are dependent on the degree of hydrogenation [7]. Literature
data show that hydrogen prevents the formation of C\C bonds,
which results in the reduction of the band gap [8]. Other studies indi-
cated that the incorporation of hydrogen results in the formation of
voids in the ﬁlm bulk [9]. A high hydrogen content also increases
the compressive stress, which makes post-deposition annealing nec-
essary to reduce the ﬁlm stress [10]. On the other hand, sputtering de-
position is attractive due to ﬂexibility to grow SiC ﬁlms with or
without hydrogen. Sputtering of a SiC target in argon atmosphere al-
lows the deposition of stoichiometric ﬁlms, whereas the co-sputtering
from silicon and graphite targets permits varying of the silicon-to-
carbon ratio of the depositedﬁlm. To produce hydrogenatedﬁlms, reac-
tive gases such as H2, CH4, and SiH4 can be added in the sputtering pro-
cess [11].
The control of the silicon-to-carbon ratio is advantageous because
the optical band gap and refractive index of the SiC ﬁlm depend on
the carbon content. Anderson et al. [12] showed that the optical gap
of PECVD a-SiC:H ﬁlms increases as the carbon content increases.
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ﬁlms.
In addition to the studies on deposition processes of a-SiC ﬁlms,
numerous experiments and theoretical studies have been carried
out on incorporating nitrogen into SiC [14–16] in order to grow sili-
con carbon nitride, SiCxNy (where, x=C/Si and y=N/Si), ﬁlms. The
introduction of nitrogen gas (N2) during the deposition of SiC by tech-
niques that involve low temperatures has been attractive [17–19].
Nakaaki and Saito showed the effect of nitrogen addition on the opti-
cal, electrical, and structural properties of amorphous SiCN:H ﬁlms.
They observed that the incorporation of a small amount of nitrogen
reduces the structural disorder and the density of defects, whereas
the optical bandgap remains almost constant for a wide range of ni-
trogen addition [20]. In other reports [21,22], Nakaaki and Saito et
al. also showed that the photoconductive properties of a-SiC:H ﬁlms
are improved by introducing a small amount of nitrogen during the
sputtering process. Wang et al. grew SiCxNy thin ﬁlms by co-sputtering
varying the N2 gas concentration in the Ar+N2 mixture. Their results
indicate the formation of ﬁlms with predominant concentration of sili-
con and the tendency to form Si\N, C\N and C\C bonds at the ex-
pense of Si\C bonds [19]. Fraga et al. investigated the inﬂuence of N2
concentration in rf magnetron sputtering of a SiC target, showing that,
for this case, higher concentrations of nitrogen in the ﬁlm bulk (be-
tween 29 and 49%) are obtained [23].
Regarding SiCN ﬁlm applications, Chang et al. developed two types
of devices based on SiCxNy ﬁlms: an n-SiCN/p-Si heterojunction diode
and an indium–zinc–oxide (IZO)/n-SiCN Schottky diode [24]. High
voltage SiCN/Si heterojunction diodes for high temperature applica-
tions were reported by Ting et al. [25]. SiCN is also used as protective
ﬁlm for magneto-optical media [26] and as base material for the de-
velopment of MEMS sensors to operate in harsh environments such
as high temperature, corrosive medium, and intense radiation [27–
29].
A problem commonly reported in studies on SiC and SiCN ﬁlms
obtained by vapor deposition processes is the difﬁculty to avoid oxy-
gen contamination [30–36]. Oxygen contents from 8 to 40 at.% were
observed in SiCxNy ﬁlms produced by CVD processes, [32–34] where-
as for sputtered ﬁlms contents around 5% were observed [35,36].
These studies show that the contamination may come from different
sources such as residual gas in reactant chambers [30], possible air
leak in the deposition chamber [30], adsorbed gas molecules on the
reactor inner wall [33], and surface oxidation by atmosphere air ex-
posure [36]. However, the oxygen contamination of these ﬁlms and
consequent formation of SiCO and SiCNO ﬁlms can be quite attractive
for some applications. SiCO ﬁlms have been studied as thin ﬁlm an-
odes for lithium ion batteries [37] and as doping contacts for solar
cell applications [38]. In a recent work, Cheng et al. compared the
physical, electrical, and reliability characteristics of copper barrier
ﬁlms, including SiC, SiCN, SiCO, SiCNO, and SiN and concluded that
among them the SiCNO ﬁlm is the most appropriate because it exhibits
more reliable electro-migration and stress-migration in addition to hav-
ing comparable physical and electrical performance to that of SiN
ﬁlms [39]. The properties that make SiCNO attractive for these different
applications are high thermal stability, high-temperature oxidation re-
sistance, tunable bandgap characteristics, adjustable transparency in
the visible and IR regions, intense photoluminescencewith awide spec-
trum emission, and high gauge factor values [40,41].
Not only have the fundamental properties of SiC-based ﬁlms (SiC,
SiCN, SiCO, and SiCNO) been extensively studied but also their poten-
tial for applications in electronic, optoelectronics, and MEMS devices.
The main motivations to produce them in amorphous form are the re-
quirements of the microdevices industry for materials obtained at low
temperatures due to their compatibility with conventional silicon-
based microelectronics.
This paper reports the effect of nitrogen content in SiCxNyOz thin
ﬁlms deposited by low temperature reactive magnetron co-sputtering in mixed Ar/N2 atmosphere. The lower process tempera-
ture induces the residual oxygen incorporation during the growth of
SiCxNy ﬁlms leading to the formation of SiCxNyOz ﬁlms. The structural
and chemical properties of SiCxNyOz ﬁlms were studied by X-ray dif-
fraction (XRD), Raman spectroscopy, Rutherford-Backscattering
Spectrometry (RBS), and X-ray Photoelectron Spectroscopy (XPS)
techniques. As shown in several publications [42–52], Raman spec-
troscopy effectively reveals the presence of amorphous phases such
as a-C, a-Si, and a-SiC. To conﬁrm the amorphous nature of the
ﬁlms, XRDwas employed. With RBS and XPS techniques, the chemical
composition of the ﬁlm bulk and surface was investigated. Moreover,
XPS spectra allowed a complete analysis of chemical bonding formed
in SiCxNyOz ﬁlms. Finally, the electrical resistivity of SiCxNyOz ﬁlms
was evaluated as a function of nitrogen content and ﬁlm chemical
bonding changes.
2. Experimental details
2.1. Deposition system and procedure
SiCxNyOz ﬁlms were prepared by using a direct current (dc) mag-
netron co-sputtering apparatus whose schematic diagram is illustrat-
ed in Fig. 1. The system comprises two magnetrons cathodes with
normal axis tilted 20° from the central reactor axis. The magnetron
targets are made of approx. 100 mm diameter graphite and silicon
disks, both of high purity (N99.9%). The cathodes were independently
powered by two dc power sources (MDX 1K-Advanced Energy),
allowing the set up of power fraction on each target for a total dis-
charge power. In this work, the total discharge power was ﬁxed at
200 W, where 55% of the total power was applied on the C target
(110 W) and 45% on the Si target (90 W). A previous study found
this condition may obtain nearly stoichiometric SiC ﬁlms, i.e., C/Si~1
[53]. In addition, shutters were positioned in front of the sputtering
sources to allow sputter cleaning of the target surface as well as plas-
ma stabilization prior to deposition.
Before each deposition, a turbo pump of 250 l/s (EXT250-Edwards)
backed by a mechanical pump (E2M18-Edwards) evacuated the pro-
cess chamber to a base pressure of less than 10−4 Pa. Subsequently,
the working gases Ar and N2, both of 99.999% purity, were introduced
into the vacuum chamber through the use of mass ﬂow controllers
(1179A-MKS). The N2 ﬂow rate was varied from 0 to 20 sccm, whereas
the Ar ﬂow rate was ﬁxed at 10 sccm. This makes it possible to investi-
gate the effect of the N2 concentration inserted at different proportions
with respect to the Ar concentration, i.e., 0.5:1, 1:1, 2:1, etc. Further-
more, the pumping speed of the vacuum system was adjusted with
the use of a throttle valve to keep the working pressure at about 0.7 Pa.
The SiCxNyOz ﬁlms were deposited on pieces of (100) oriented p-
type polished Si wafers (1–10 Ω·cm, 350 μm thick) of approximately
100×150 mm during a deposition time of 120 min. Each piece was
placed at substrate-to-target distance (ds–t) of 160 mm. Both targets
were pre-sputtered with Ar for 10 min prior to each deposition in
order to remove contaminations from target surface. In order to mea-
sure the substrate temperature, a thermocouple was incorporated
into the substrate holder. The ﬁlms were grown without any external
substrate heating and the substrate temperature never exceeded
100 °C (caused by plasma species bombardment on the substrate sur-
face). Additionally, during all experiments the substrate holder was
maintained at ﬂoating potential.
2.2. Characterization techniques
The thicknesses of the as-deposited SiCxNyOz ﬁlms were measured
by proﬁlometry using a TENCOR Alpha-Step 500 system. Before sput-
tering deposition, a small rectangular step was created by placing a
strip on the wafer. After deposition, the strip was removed and a hor-
izontal scan across the step provided the ﬁlm thickness (d). The
Fig. 1. Schematic diagram of the magnetron co-sputtering deposition set up.
1789H.S. Medeiros et al. / Surface & Coatings Technology 206 (2011) 1787–1795knowledge of d allowed the inﬂuence of sputtering conditions on the
deposition rate (Rd) to be evaluated. The ﬁlm thickness values were
also used to calculate the electrical resistivity of the ﬁlms. The sheet
resistances (Rs) of the ﬁlms were measured by four-point probe
method using a Jandel multi height probe combined with a RM3-AR
test unit. The electrical resistivities (ρ) were then calculated by the
following expression ρ=Rs·d.
RBS was used to measure the chemical composition of the ﬁlm
bulk. The measurements were carried out using a 2 MeV 4He+
beam from a Pelletron accelerator type with a particle detector posi-
tioned at 170° to the incident beam. The RBS spectra were analyzed
using a RUMP code (RBS analysis package) developed by Cornell Uni-
versity [54].
To investigate the structural and chemical characteristics of the
ﬁlms, XRD, Raman spectroscopy, and XPS techniques were used. For
structural analysis, a XRD-6000 Shimadzu diffractometer using CuKα
radiation was employed. For the Raman measurements, all spectra
were obtained at room temperature in the range 400–2000 cm−1
through a Renishaw system model 2000 equipped with an Ar ion
laser (514.5 nm). Finally, the XPS analyses were carried out in an
Alpha 110 VG Thermo system with a Mg (1256.6 eV) X-ray source.
The samples surfaces were positioned normal to the analyzer.0 5 10 15 20
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Fig. 2. Film thickness and respective deposition rate of SiCxNyOz thin ﬁlms as function
of N2 gas ﬂow rate. The continuous line represents the exponential ﬁtting of the exper-
imental data.3. Results and discussion
3.1. Deposition rate and ﬁlm composition
Fig. 2 shows the ﬁlm thickness, d, and respective deposition rate,
Rd, as a function of the N2 gas ﬂow rate. Rd increases with increased
N2 ﬂow rate up to 5.75 nm/min, corresponding to a N2 ﬂow rate of
approx. 7.0 sccm saturating for higher values. The same trend was ob-
served by Hellgren et al. for CNx thin ﬁlms deposited at 100 °C [55]. In
general, the addition of N2 in the magnetron gas discharge leads to a
reduction of Rd due to the decrease of the sputtering yield from two
reasons: (i) the lower mass of N2 gas species compared to Ar and
(ii) the formation of a compound layer on the target surface (poison-
ing effect) due to reactions with N2 species. However, in the case of a
graphite target, besides the well known physical sputtering, also
“chemical sputtering” driven by the nitrogen species occurs [55–58].
The chemical sputtering is a consequence of the formation of volatile
species (such as C2N2) that are desorbed from the poisoned graphitetarget surface [55], resulting in an increase of the sputtering rate
and, consequently, the overall Rd.
The saturation of Rd for N2 ﬂow rates higher than 7.0 sccm can be
related to the full coverage of active sites on the target surface during
the chemical sputtering process, i.e., the chemical sputtering limit is
reached when the target area is all poisoned. According to Kaltofen
et al. [59–61], the same volatile species coming from the target
were detected by a mass spectrometer positioned at the substrate posi-
tion during the reactive magnetron sputtering deposition process. This
measurement indicates that the thickness and chemistry of the carbon-
based ﬁlm depend directly on the sputtering rate (physical+chemical
mechanisms) and chemistry generated on the target surface.
Additionally, Rd for ﬁlms deposited by a co-sputtering technique
shows a different behavior from that deposited by conventional mag-
netron sputtering technique using a SiC target. In the latter, Rd un-
dergoes a gradual decrease with increasing N2 ﬂow rate [23]. In the
case of a SiC target, it is necessary to break the Si\C bonds and the ad-
dition of N2 leads to a poisoning effect on the target surface, reducing
Rd. The opposite effect occurs for the co-sputtering from separate tar-
gets and, in case of a graphite target, the addition of N2 increases the
sputtering rate, as previously commented.
20 25 30 35 40 45 50 55 60
N2 flow rate = 10.0 sccm
4.0 sccm
3.0 sccm
1.0 sccm
0.7 sccm
0.4 sccm
In
te
ns
ity
 (a
.u.
)
2θ (degree)
Si
Fig. 4. X-ray diffraction patterns of the SiCxNyOz ﬁlms as function of N2 ﬂow rate.
1790 H.S. Medeiros et al. / Surface & Coatings Technology 206 (2011) 1787–1795Regarding the ﬁlm composition analysis, the simulation of mea-
sured RBS spectra was used to calculate the concentration of Si, C,
N, and O in the ﬁlms. Fig. 3 shows the ﬁlm composition as a function
of N2 ﬂow rate. Increasing the N2 ﬂow rate from 0.0 to 2.0 sccm leads
to a drastic increase of the N content in the ﬁlm bulk (~35%). Howev-
er, this increase does not happen linearly with N2 ﬂow rate. The N
concentration increases more slowly from 2.0 sccm, and it ap-
proaches to saturation above 7.0 sccm. This trend can be associated
with the deposition mechanisms observed for pure CNx ﬁlms [62].
Several authors reported that in mixed Ar/N2 discharges, the N con-
tent in CNx ﬁlms increased rapidly for small N2 ﬂow rate, and when
more and more N2 is added into the discharge, a saturation in N con-
centration is observed. This behavior is explained by the chemical
sputtering of the ﬁlm i.e., the desorption of volatile species is ob-
served for the graphite target [51,55,62–64]. When the N content in
ﬁlm bulk increased to ~35%, the Si content decreased from 44.8 to
15.0% for N2 gas ﬂow rate ranging from 0.0 to 7.0 sccm, respectively.
No clear trend of C and O content was observed for low N2 ﬂow
rates. For N2 ﬂow rates higher than 7.0 sccm, a decrease of C content
and increase of O content in ﬁlm bulk is observed. In addition, Fig. 3
illustrates that the C/Si ratio of the as-deposited ﬁlm in pure Ar atmo-
sphere (x=C/Si=1) undergoes an increase to values of about 2.4
when the N2 ﬂow rate is higher than 2.0 sccm, and then it reaches a
saturation.
Regarding the high oxygen content, the co-sputtering system was
checked to conﬁrm that there was no air leak into the chamber during
the deposition process. This leads us to conclude that the only con-
tamination source is the residual gas species in the chamber.
3.2. Structural and chemical characteristics
3.2.1. X-ray diffraction and Raman spectroscopy results
Fig. 4 shows the XRD patterns of SiCxNyOz ﬁlms deposited at dif-
ferent values of the N2 ﬂow rate. The ﬁlms are amorphous because
no diffraction peaks are observed except those related to the sub-
strate (for the case of the crystalline Si(100) substrate, the following
diffraction peaks are observed: a very low intensity peak at ~33°
and a high intensity peak at ~69°). The appearance of the diffraction
peak at ~33° occurs only in the cases where the ﬁlm has low
thickness.
The Raman spectra of SiCxNyOz ﬁlms deposited at different N2 ﬂow
rate are shown in Fig. 5. In all spectra, broad bands are observed, in-
dicating the presence of amorphous phases (as also indicated by the
XRD analyses). A convolution of two bands occurs in the range of
1000–1800 cm−1. These bands are the so-called D (~1360 cm−1)0 5 10 15 20
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Fig. 3. Variation of the elemental composition of SiCxNyOz ﬁlms with N2 ﬂow rate. The
continuous lines (Si and N only) are only to guide the eyes.and G (~1580 cm−1) bands, typical of carbonaceous materials [65],
indicating the presence of C\C bonds in the ﬁlms [52]. The band cor-
responding to a-Si around 450 cm−1 [52] is also observed in the spec-
tra. In some cases, a sharp peak occurred around 520 cm−1, due to the
crystalline Si substrate. In case of Fig. 5a (0.0 sccm N2 gas ﬂow), a
broad band between 600 and 1100 cm−1 is also observed, which is
characteristic of a-SiC [25]. The smoothed spectra suggest the pres-
ence of the transverse optical mode (TO mode) and the longitudinal
optical mode (LO mode) around 780 and 950 cm−1 [40–48], respec-
tively, however the signal is not clear enough to certify the presence
of these bands. For N2 gas ﬂows higher than zero (Figs. 5b–f), the
Raman spectra begin to show a band around 700 cm−1 and its identi-
ﬁcation is not clear. It could be associated with the TO mode of a-SiC,
but this mode, in general, is observed around 780 cm−1. However, it
is probably a contribution of Si\N bonds [51], indicating the forma-
tion of silicon nitride in the ﬁlm. In some cases, a broad band is ob-
served around 900 cm−1 and can be associated with the LO mode of
SiC [40–48] and/or the second order of LO mode of Si [66,67].
The increase of the N2 ﬂow rate leads to an increased signal of the
D and G bands due to higher carbon and nitrogen contents. The G
band is associated with sp2 C both in rings and chains, thus, it is a sig-
nature of graphite-like materials. The D band arises from disorders by
limitations in the graphite domain size due to grain boundaries or im-
perfections such as substitutional N atoms, sp3 C, or other impurities
[52,55–57,63–67].
To analyze the behavior of carbon clusters in the SiCxNyOz ﬁlms, it
is necessary to deconvolute the spectra in the region between 1000
and 1800 cm−1. The shape of the D and G bands can be Gaussian or
Lorentzian curve type. In the present work, the Gaussian curve better
ﬁts the spectra than the Lorentzian curve, which is typical for amor-
phous phases. Thus, the spectra in the region between 1000 and
1800 cm−1 were deconvoluted in two Gaussian curves. This proce-
dure was done using the software Origin.
After the deconvolution, (i) the D and G bands split up, (ii) the G
peak shifts to higher wave numbers, and (iii) the width of the G
band reduces for higher N2 ﬂow rates (see Fig. 6). All these three ef-
fects show an increased ordering of the C–C clusters, i.e., a graphitiza-
tion of the clusters with the introduction of N in ﬁlm bulk [63–65].
This behavior is well known in the magnetron sputtering deposition
of CNx thin ﬁlms [64].
By introducing more N2 into the reactor, both the concentrations
of N and C in the ﬁlm increases, while the Si content decreases. As ob-
served in Fig. 3, the concentration of all species varies smoothly for N2
ﬂow rate above 7.0 sccm, as well as the parameters obtained from the
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Fig. 5. Raman spectra of as-deposited SiCxNyOz ﬁlms as function of N2 ﬂow rate: 0 sccm (a), 0.4 sccm (b), 1 sccm (c), 6 sccm (d), 8 sccm (e), and 20 sccm (f).
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1791H.S. Medeiros et al. / Surface & Coatings Technology 206 (2011) 1787–1795Raman spectra (Fig. 6). This correlation shows that the structure of a-C
clusters is affected by the ﬁlm composition and when the composition
stabilizes, the structure of C clusters also stabilizes.
3.2.2. X-ray Photoelectron Spectroscopy results
In order to better detail the dependence of chemical bonds of as-
deposited SiCxNyOz ﬁlms with N2 ﬂow rate, some selected samples
were analyzed by XPS. This analysis shows both the chemical bonds
and the surface composition of the ﬁlms. Fig. 7 presents a comparison
between the compositions of ﬁlm surface (measured by XPS) and ﬁlm
bulk (measured by RBS). The Si concentration is similar in both mea-
surements but the C concentration is slightly different. On the other
hand, the O and N concentrations in the surface and in the bulk are
quite different. While the RBS results show an O concentration up
to 16%, the XPS results show a maximum O concentration of 32%.
This difference indicates that the oxygen is localized more in the
ﬁlm surface, which suggests that besides bulk contamination, a sur-
face contamination due to air exposure of the samples also occurred
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Fig. 7. Surface composition (measured by XPS) compared with the ﬁlm bulk composition (measured by RBS) for different values of N2 ﬂow rate.
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duced N concentration on the surface, which is of the order of 25–
40% in the RBS measurements and of the order of 7–15% in the XPS
measurements.
The identiﬁcation of chemical bonds was made by deconvolution
of the Si2p, C1s, N1s, and O1s peaks from the total XPS spectrum, as
can be seen in Fig. 8 for the condition of 7.0 sccm N2 ﬂow rate. All2000
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(d) peaks from the total XPS spectrum.identiﬁed chemical bonds and respective binding energies are listed
in Table 1. Furthermore, Fig. 9 presents the evolution of the chemical
bonds of the C1s, N1s, and Si2p peaks as a function of N2 ﬂow rate.
The C1s peaks were deconvoluted in ﬁve (N2 ﬂow rate=0.5 sccm)
and four (for N2 ﬂow rate=2.0, 7.0, and 15.0 sccm) components. The
component around 282.6 eV (observed only for 0.5 sccm) is related to
C\Si bonds. The main component peak in all samples is around5000
10000
15000
20000
25000
30000
35000
Co
un
ts
 (a
.u.
)
Binding Energy (eV)
 CPS
 C 1s
 C 1s
 C 1s
 C 1s
 Background CPS
 Envelope CPS
)
295 290 285 280 275
520 525 530 535 540 545
20000
40000
60000
80000
100000
120000
 CPS
 O 1s
 Background CPS
 Envelope CPS
Binding Energy (eV)
Co
un
ts
 (a
.u.
)
)
on of chemical bondswasmade by deconvolution of the Si2p (a), C1s (b), N1s (c), and O1s
Table 1
Chemical bonds and respective binding energies identiﬁed by XPS analyses.
Binding energy (eV) Chemical bond Reference(s)
C1s 282.6 C\Si [62,66,68–72]
284.0 C\C [62,66,70,72,73]
285.6 C\N/C\O [62,69,70,73–75]
287.1 C\N/C\O [62,69,70,73–75]
288.3 C\O [68]
Si2p 97.8 Si\Si [62,66,71]
100.1 Si\C [62,66,70,72,74]
101.0 Si\C [62,66,70,72,74]
102.1 Si\O\C/Si\O\N/Si\N [62,66,70,73,74]
103.2 Si\O [74]
N1s 397.1 N\Si [62,70,74]
399.0 N\C [62,70,73,74]
400.1 N\C [62,70,73,74]
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Fig. 9. Evolution of the components of the (a) C1s, (b) Si2p, and (c) N1s peaks as a func-
tion of N2 ﬂow rate.
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[62,66,70,72,73]. The components at 285.6 eV and 287.1 eV are asso-
ciated to C atoms bonded with N and/or O. The component at
288.3 eV is generally associated with C_O bond [68] and/or Si\NC
[73]. Fig. 9a shows the evolution of the relative intensity of the com-
ponents of the C1s peak as a function of N2 ﬂow rate. By increasing
the N2 ﬂow rate, the relative intensity of the components at 285.6
and 287.1 eV increases, probably due to an increase in the C\N
bonds in the ﬁlm. This increase in C\N bond leads to a reduction of
the component at 284 eV.
To identify the chemical bonds of Si atoms, the Si2p peaks were
also deconvoluted in ﬁve and three (only for N2 ﬂow rate=15 sccm)
components. The component at 97.8 eV is attributed to Si\Si bonds
and the components at 100.1 eV and 101 eV to Si\C bonds, while
the component at 103.2 eV is due to the presence of Si\O bonds
[62,66,69,73,74]. The component around 102.1 eV can be associated
with Si\O\C [66], Si\O\N, and/or Si\N [62,70,73,74] bonds. The
regular position of Si\N bonds in the Si3N4 structure is at 101.8 eV
[76], but the presence of O in the amorphous structure can shift the
peak to higher binding energies [74]. Fig. 9b shows the evolution of
the relative intensity of the components of the Si2p peak as a function
of N2 ﬂow rate. In this ﬁgure, the absence of the components at 97.8
and 100.1 eV for N2 ﬂow rate higher than 7.0 sccm indicate the reduc-
tion of Si\Si and Si\C bonds. Also, the reduction of the component at
101 eV can be noted. The relative intensity of the component at
102.1 eV increases with increased N2 ﬂow rate, i.e., the majority of
Si atoms are bonded to N atoms.
The N1s peaks were deconvoluted in three components for all
samples. The components at 399 and 400.1 eV are associated with
N\C bonds. On the other hand, the component around 397.5 eV can
be associated with N\Si bonds. Fig. 9c shows that, while the compo-
nents at 400.1 and 399 eV increase, the relative intensity of the com-
ponent at 397.5 eV decreases with increased N2 ﬂow rate. The
insertion of N2 in the gas phase leads both to a reduction of the Si con-
tent in the ﬁlms and an increase of C and N contents. Because the N
atoms bond preferentially with Si [19], the N\Si bonds are predomi-
nant for low N concentrations. With increased N2 ﬂow rate, as the N
content is much higher than the Si content, the N atoms bond to C
atoms. As more and more C and N are inserted in the ﬁlm, the number
of N\C bonds increases, while the number of N\Si bonds is limited
by the Si content.
The O1s peak has only one contribution around 532.2 eV and can
be associated with Si\O bonds [74] and/or C\O bonds. Thus, from
the XPS analyses, it can be concluded that, for low N2 ﬂow rate, the
ﬁlm is composed by C\C, Si\Si, Si\N, C\N, and Si\C bonds. With
insertion of more N2 in the gas phase, almost all Si atoms bond to N.
The increase of the N and C content, and consequently the decrease
of the Si content, leads to an increasing of C\N bonds. Thus, for
high N2 ﬂow rate, the ﬁlm has a great fraction of Si\N, C\N, and
C\C bonds, at the expense of Si\Si and Si\C bonds. The O contami-
nant is bonded to C and Si, but at low proportion in the overall bond
set when compared to N-based bonds.
3.3. Electrical (resistivity) measurements
The dependence of the electrical resistivity of SiC-based ﬁlms on
nitrogen content has been investigated by different authors [77–79].
Komatsu et al. [77] and Alizadeh et al. [78] showed the effect of nitro-
gen content on the electrical resistivity of sputtered SiCxNy ﬁlms,
whereas Petrman et al. reported this effect in SiBCN ﬁlms [79].
Fig. 10 illustrates the inﬂuence of nitrogen content on electrical re-
sistivity of the SiCxNyOz ﬁlms produced in this work. The resistivity
obtained for the ﬁlm deposited in pure Ar atmosphere was around
9 Ω·cm. With the addition of N2, this dropped to 1.5 Ω·cm (N2 ﬂow
rate=0.4 sccm) reaching a minimum, which remained almost con-
stant until N2 ﬂow rate=2.0 sccm. From higher N2 ﬂow rate, values
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to guide the eyes.
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initially an increasing number of N atoms incorporated into the SiC
ﬁlm reduce the resistivity, and that for an excess, the ﬁlm has an insu-
lator characteristic. This can be seen in the XPS results, where the
ﬁlms produced at low N2 ﬂow rate still have Si\C bonds, while for
high ﬂow rates, mainly Si\N, C\N and C\C bonds are formed. It
can be also observed that, despite the high O content, the SiCxNyOz
ﬁlms obtained at low N2 ﬂow rate exhibited a low electrical
resistivity.
4. Conclusions
In this paper, we reported on the effect of nitrogen content and
oxygen contamination in amorphous SiCxNyOz thin ﬁlms deposited
by magnetron co-sputtering without substrate heating. Proﬁlometry
and RBS analyses show that the insertion of N2 gas in co-sputtering
of SiC ﬁlms leads to an increase in Rd and C concentration in ﬁlm
bulk, which changes it from a near-stoichiometric SiCxOz ﬁlm to a
C-rich SiCxNyOz ﬁlm. The increased carbon content is due to the con-
tribution of chemical driven sputtering of the graphite target, and the
reduction of the sputtering rate of the silicon target is due to poison-
ing by nitrogen. Additionally, the O contamination was investigated
by RBS and XPS techniques. RBS results show an O concentration up
to 16%, while the XPS results show a maximum O concentration of
32%. This difference indicates that the oxygen is located more in the
ﬁlm surface, which suggests a surface contamination beyond the
ﬁlm bulk contamination during the low temperature deposition pro-
cess. The source of O can be derived from residual gas present in the
deposition chamber and/or from the exposure of ﬁlm to the
atmosphere.
Concerning the chemical analysis of other ﬁlm species, it was ob-
served that the increased N content in the ﬁlm leads to a graphitiza-
tion of C clusters until the saturation of C and N content. For low N
content, the ﬁlm is formed mainly by Si\Si, Si\C, and C\C bonds,
and also includes the presence of secondary C\O, C\N, Si\N, and
Si\O bonds. With increase of the N content, almost all Si is bonded
to N, and the ﬁlm surface is formed mainly by Si\N, C\N, and C\C
bonds at the expense of Si\Si and Si\C bonds.
The electrical resistivity analysis of the ﬁlms showed that it is pos-
sible to obtain ﬁlms with low (around 1.5 Ω·cm) and high resistivity
(higher than MΩ·cm) by adjusting the N2 gas ﬂow during the depo-
sition process. These results are best correlated with N variation in
ﬁlm bulk.
Finally, the ﬂexibility to grow SiCxNyOz ﬁlms, with low or high
electrical resistivity by varying the N2 ﬂow rate during co-
sputtering, makes them promising for applications as semiconductoror insulator materials. Furthermore, the low deposition temperature
used in this study (~100 °C) is attractive for applications of these
ﬁlms in electronic devices.
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